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The Homeodomain Factor Lbx1 Distinguishes
Two Major Programs of Neuronal Differentiation
in the Dorsal Spinal Cord
cascade of events that specifies the development of
these different neuronal subtypes is unclear.
Distinct types of neurons arise at stereotyped posi-
tions along the dorso-ventral axis in the developing spi-
nal cord. Prior to the emergence of postmitotic neurons,
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A graded Shh signal and retinoic acid control the spa-
tially organized development of ventral neuronal types.
These signals direct the expression of patterning genes
Summary to restricted subsets of progenitors along the ventral to
dorsal axis (Lee and Jessell, 1999; Jessell, 2000; Briscoe
Dorsal horn neurons in the spinal cord integrate and and Ericson, 2001). Expression of these patterning
relay sensory information. Here, we show that the ex- genes defines five ventral progenitor domains from
pression of the homeobox gene Lbx1 distinguishes which motoneurons and V0–V3 interneurons arise. Al-
two major neuronal classes generated in the dorsal though the expression of most patterning genes is extin-
spinal cord. The Lbx1 (class A) and Lbx1 (class B) guished in postmitotic neurons, they instruct the postmi-
neurons differ in their dependence on roof plate BMP totic neurons to express distinct homeodomain factors.
signals for specification and settle in the deep and In this manner, patterning genes specify the neuronal
superficial dorsal horn, respectively. Lbx1 misexpres- subtypes that emerge from individual progenitor do-
sion blocks the differentiation of class A neurons. Con- mains (Briscoe et al., 1999; Sander et al., 2000; Vallstedt
versely, in Lbx1 mutant mice, class B neurons assume et al., 2001; Pierani et al., 2001). Homeodomain factors
the identity of class A neurons. As a consequence, the such as HB9 and Evx1, which appear first in postmitotic
morphology and neuronal circuitry of the dorsal horn neurons, determine or consolidate the final program of
are aberrant. We conclude that Lbx1 distinguishes two neuronal differentiation (Arber et al., 1999; Thaler et al.,
major neuronal classes in the dorsal spinal cord and 1999; Moran-Rivard et al., 2001).
is an important determinant of their distinct differenti- In the dorsal portion of the spinal cord, progenitor
ation programs. cells are also patterned by extrinsic signals (Liem et al.,
1997). These dorsal signals establish progenitor do-
mains that express the bHLH factor genes Math1,Introduction
Ngn1/2, and Mash1 (Lee et al., 1998; Ma et al., 1997;
Gowan et al., 2001). Progenitors specified by dorsal sig-
The dorsal horn of the spinal cord is the first central relay
nals give rise to three dorsal neuronal subtypes, dI1–dI3
station for somatosensory perception. Interneurons and (see Results for the revised nomenclature of dorsal spi-
projection neurons in the dorsal horn integrate incoming nal cord neurons used here), which are marked by
sensory information and transmit this information to Lh2a/b, Lim1/2/Brn3a, and Isl1/2, respectively (Lee and
higher brain centers (reviewed in Gillespie and Walker, Jessell, 1999; Gowan et al., 2001). Members of the BMP
2001; Julius and Basbaum, 2001). The assembly of these family are expressed in or near the roof plate at the time
complex neuronal circuits depends on the generation dorsal progenitor domains are established and specify
of functionally distinct types of dorsal horn neurons. dorsal neuronal subtypes. In explant culture, dI1 and
Physiological studies have defined many distinct popu- dI3 neurons are specified by high and low BMP concen-
lations of dorsal horn neurons, which (1) process sen- trations, respectively (Liem et al., 1997). Mutation of
sory information associated with touch, pain, and heat GDF7, which encodes a BMP family member, prevents
perceptions; (2) modulate reflex-specific motoneuron the emergence of late dI1 neurons (Lee et al., 1998). The
output; and (3) relay sensory afferent information to the roof plate does not develop correctly in mice mutant for
brainstem and the thalamus. Neurons with different the homeobox gene Lmx1a, which reduces the number
physiological properties are segregated in distinct lami- of dI1 neurons (Millonig et al., 2000). In mice that express
nae of the dorsal horn (Rexed, 1952; Brown, 1981). The diphtheria toxin A under the control of the GDF7 locus
(GDF-DTA allele), the roof plate is eliminated, which in-
terferes with the specification of dorsal progenitor do-4 Correspondence: cbirch@mdc-berlin.de
5 These authors contributed equally to this work. mains and blocks the generation of dI1 and dI3 neurons
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(Lee et al., 2000). Math1 and Ngn1/2 are expressed in of which are also marked by Lbx1. We denote these
neuronal types as dI1–dI6 (see diagram in Figure 1B).progenitor domains that generate the most dorsally
The dI6 neurons correspond to the most ventral Lbx1emerging neuronal subtypes (dI1 and dI2) and are essen-
type and express Lim1/2 (Figures 1C and 1D; in [C],tial for the specification of these neurons (Bermingham
these neurons appear yellow, an overlap of the red andet al., 2001; Gowan et al., 2001). Thus, dorsal signals
green fluorescence). Immediately dorsal to dI6, dI5 neu-pattern the most dorsal portion of the spinal cord and
rons are found, a group of Lbx1 neurons that expressspecify dI1–dI3 neurons, which settle in deep layers of
Lmx1b and Brn3a (Figures 1C–1E). Lmx1b marks dI5the dorsal horn.
neurons exclusively, whereas Brn3a is also present inThe neurons that settle in the upper layers of the
other dorsal neuronal subtypes. dI4 neurons are thedorsal horn appear to be born in a more ventral portion
most dorsal Lbx1 type and also express Lim1/2 (Fig-of the dorsal spinal cord (Nornes and Carry, 1978). Pro-
ures 1C and 1D). Thus, dI4 and dI6 neurons express thegenitors in the ventral portion of the dorsal spinal cord
same homeodomain factor profile but emerge at distinctexpress Pax7 and Mash1, and subpopulations close to
positions along the dorso-ventral axis. Dorsal of Lbx1the ventral/dorsal border also express Dbx1 and/or
neurons, three Lbx1 neuronal subtypes arise. The dI3Dbx2 (Ma et al., 1997; Mansouri and Gruss, 1998; Pierani
neurons, Brn3a and Isl1/2, abut Lbx1 neurons dor-et al., 1999). Previous studies have shown that Lim1/2
sally (Figures 1E and 1F; dI3 neurons were previouslyand Lmx1b neurons emerge from this progenitor do-
defined as D2). Dorsal of dI3 neurons, dI2 neurons aremain independently of dorsal signals, demonstrating
born and express Lim1/2 and Brn3a (Figures 1E and 1F;that dorsal midline signals do not specify all types of
dI2 neurons were previously defined as D3a). Dorsal ofdorsal neurons (Lee et al., 2000). However, the neuronal
dI2 and adjacent to the roof plate, dI1 neurons thatsubtypes that arise in the ventral portion of the dorsal
express Brn3a are generated (Figure 1E; dI1 neuronsspinal cord have not been characterized systematically,
were previously defined as D1, and are also markedand the specification of their differentiation program
by Lh2a/b). Thus, at E10.5, we distinguish six neuronalremains unclear.
subtypes that arise in the dorsal spinal cord (summa-The gene encoding the homeodomain factor Lbx1 is
rized in Figure 1B): three types of Lbx1 neurons, whichexpressed in postmitotic neurons in the spinal cord
we denote as class B, and three types of Lbx1neurons,(Jagla et al., 1995; Schubert et al., 2001). Here, we show
which we denote as class A. At a slightly later stage,that the expression of Lbx1 distinguishes two major
E10.75, the dI6 and dI5 neurons appear to form streamsclasses of embryonic dorsal neurons. Class A neurons
that extend into the ventral spinal cord (Figure 1G; the(dI1–dI3) do not express Lbx1, are specified by dorsal
red dI6 neurons are marked by an arrowhead and thesignals, and arise in the dorsal portion of the dorsal
yellow dI5 neurons by an arrow). In contrast, dI4 neuronsspinal cord. In contrast, class B neurons (dI4–dI6) ex-
appear to remain in the dorsal spinal cord (Figures 1Gpress Lbx1 and emerge in the ventral portion of the
and 1H; data not shown).dorsal spinal cord. Most neurons born in the dorsal
Lbx1 neurons emerge from progenitors in the ven-spinal cord at later stages of development (embryonic
tricular zone, which could be subdivided on the basisday [E]12.5) express Lbx1 and thus have a class B char-
of Dbx1, Dbx2, Pax7, and Mash1 expression (see dia-acter. Lbx1 not only delineates two major dorsal neu-
gram in Figure 1B). Dbx1 progenitors form the ventralronal classes, but also specifies the differentiation pro-
border of the domain that generates Lbx1 neurons, asgram of class B neurons. In Lbx1 mutant mice, class B
examined in mice that carry a heterozygous Dbx1LacZneurons express transcription factors typical of class A
allele (Figure 1A; cf. Pierani et al., 2001). Dorsally abut-neurons. Moreover, misexpression of Lbx1 in the chick
ting progenitors express Dbx2 (Figure 1H) and high lev-spinal cord suppresses the emergence of class A neu-
els of Pax7 (Pax7high; Figure 1G), but not Dbx1. Laterallyrons. Together, our results indicate that Lbx1 is essential
of this domain, the dI6 Lbx1 neurons are detected. Thefor the specification of class B neurons and suppresses
dI5 and dI4 Lbx1 neurons appear to emerge from a
the development of class A neurons.
Pax7high/Mash1 progenitor domain (Figures 1G and 1H).
The dorsal border of the domain that generates Lbx1
Results neurons is formed by progenitors that produce Mash1
and decreased levels of Pax7 (Pax7low/Mash1; Figures
Lbx1 Marks Postmitotic Neurons that Emerge 1G and 1H). Thus, Lbx1 neurons appear to derive from
in the Dorsal Spinal Cord distinct progenitor domains (summarized in Figure 1B).
The neural expression of the homeobox gene Lbx1 is Progenitors and neurons in the most dorsal portion
first detected around E10 and can be observed at all of the spinal cord are specified by the dorsal midline
axial levels of the mouse spinal cord (Jagla et al., 1995; (Liem et al., 1997; Lee et al., 1998). GDF7-DTA mice
Brohmann et al., 2000; Schubert et al., 2001). Our immu- express diphtheria toxin A under the control of the GDF7
nohistochemical analysis shows that Lbx1 marks cells locus, which ablates roof plate cells (Lee et al., 2000). In
of the dorsal spinal cord, the majority of which lie adja- GDF7-DTA mice, Lbx1 neurons were generated around
cent to, but outside of the ventricular zone, which con- the dorsal midline (arrow in Figure 1J, compare to the
tains proliferating neuronal progenitors that express wild-type spinal cord in Figure 1I). Moreover, a defined
Pax7 (Figure 1A, arrows). BrdU labeling (data not shown) lateral Lmx1b dI5 domain and Lim1/2 neurons around
and the location of Lbx1 cells indicate that they corre- the dorsal midline were observed (K. Lee, personal com-
spond to early postmitotic neurons. The use of addi- munication; see also Lee et al., 2000). As described
tional homeodomain protein markers—Lim1/2, Brn3a, previously, dI3 Isl1/2 neurons were not formed (Figure
Isl1/2, and Lmx1b—permits the distinction of six neu- 1J; arrowhead in Figure 1I points to dI3 neurons in the
control; cf. also Lee et al., 2000). Thus, roof plate signalsronal subtypes in the dorsal spinal cord at E10.5, three
Lbx1 Specifies Neurons of the Dorsal Spinal Cord
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Figure 1. Lbx1 Distinguishes Two Classes of
Postmitotic Neurons that Emerge in the Dor-
sal Spinal Cord
(A) Immunohistological analysis of the spi-
nal cord of a heterozygous Dbx1LacZ mouse
embryo at E10 with antibodies against
Lbx1 (red), Pax7 (blue), and -galactosidase
(green). The -galactosidase-positive (Dbx1)
domain provides the ventral limit of progeni-
tors that produce Lbx1 neurons.
(B) Schematic display of six distinct dorsal
neuronal subtypes (dI1–dI6) and of the pro-
genitor domains that produce these neurons.
(C–F) We distinguish three Lbx1 and three
Lbx1 neuronal subtypes at embryonic day
(E)10.5 by immunohistology using antibod-
ies directed against Lbx1 (red) and Lim1/2
(green) (C), Lbx1 (red) and Lmx1b (green) (D),
Brn3a (red) and Lim1/2 (green) (E), and Isl1/2
(red) and Lim1/2 (green) (F). dI1–dI6 neurons
are indicated.
(G and H) Immunohistological analysis of
Lbx1 neurons and their progenitors in the spi-
nal cord at E10.75 using antibodies against
Lbx1 (red), Lmx1b (green), and Pax7 (blue)
(G); and antibodies against Lbx1 (red), Dbx2
(green), and Mash1 (blue) (H). Progenitor do-
mains that produce dI4–dI6, as well as the
streams of dI6 (arrowhead) and dI5 (arrow)
neurons, are indicated.
(I and J) Immunohistological analysis of the
spinal cord of a wild-type (I) and GDF7-DTA
transgenic (J) mouse embryo at E10 is shown,
using antibodies directed against Lbx1 (red),
Isl1/2 (green), and Pax7 (blue). Dorsal Isl1/2
(arrowhead in [I]) and Lbx1 neurons (arrows
in [I] and [J]) are indicated.
Bars: 100 m.
do not specify Lbx1 neurons. Furthermore, in Shh mu- tors) (Figure 2A; see supplemental figures S1 and S2
online at http://www.neuron.org/cgi/content/full/34/4/tant mice (Chiang et al., 1996), we observed Lbx1 neu-
rons in the entire ventral domain (data not shown). Lbx1 551/DC1). All neurons that arise in this domain express
Lbx1. Two late Lbx1 neuronal subtypes, defined by theneurons therefore emerge independently of dorsal or
ventral midline signals, whereas the Lbx1 dorsal neu- expression of either Lim1/2 or Lmx1b, appear to arise
from this broad progenitor domain (Figures 2B and 2C).rons depend on dorsal signals for specification (this
study; Lee et al., 2000). Thus, class A and B neurons We denote these two late Lbx1 neuronal subtypes as
are not only distinguished by Lbx1 expression, but also dILA and dILB, respectively (see also supplemental figure
by their dependence on signals from the dorsal midline S1 for a time course of the appearance of the dILA and
of the neural tube. dILB neuron types). Both neuronal types are observed
in a salt-and-pepper pattern immediately adjacent to
Pax7 progenitors, suggesting that they emerge from aDefining Late Lbx1 Neuronal Subtypes
common domain (Figure 2D). Most dI3 neurons haveAt E12.5, the domain that generates Lbx1 neurons has
reached the intermediate spinal cord at this stage (arrowexpanded dorsally, and Lbx1 neurons are observed
in Figure 2A).laterally of the entire Mash1 progenitor domain (i.e.,
they appear to emerge from Pax7high and Pax7low progeni- By E14.5, neurogenesis in the dorsal spinal cord has
Neuron
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Figure 2. Lbx1 Neurons Are Generated from a Broad Progenitor Domain at E12.5 and Give Rise to Upper Dorsal Horn Neurons
(A–D) Immunohistological analysis of the spinal cord at E12.5, using antibodies directed against Lbx1 (red), Isl1/2 (green), and Mash1 (blue).
Isl1/2 neurons are indicated by an arrow. Higher magnification of the E12.5 dorsal spinal cord stained with Lbx1 (red) and Lim1/2 (green)
(B), Lbx1 (red) and Lmx1b (green) (C), and Lim1/2 (red), Lmx1b (green), and Pax7 (blue) (D). Note that Lim1/2 and Lmx1b are not coexpressed.
(E–G) Distribution of Lbx1 (red) and Isl1/2 (green) neurons in the spinal cord at E14.5 (E). Higher magnification of the dorsal spinal cord stained
with (F) Lbx1 (red) and Lmx1b (green) and (G) Lbx1 (red) and Brn3a (green).
(H) The sites of birth and the final positions of Lbx1 dILA and dILB and of Lbx1 neurons are shown schematically.
Bar: 100 m.
ceased (data not shown; cf. Nornes and Carry, 1978). sisted longer than Lbx1 protein (data not shown). Lbx1
is also essential for the migrating hypaxial muscle pre-As dorsal neurons mature, they populate the dorsal horn,
a structure that can be clearly discerned at E14.5 (Figure cursors, which form muscles of the limbs, diaphragm,
and hypoglossal cord. Lbx1LacZ/LacZ mice consequently2E). We found that maturing Lbx1 neurons that coex-
press distinct homeodomain factors sort into different lack muscles of the extremities and have a small tongue
muscle, but other muscle groups develop correctlylayers in the dorsal horn (Figures 2F and 2G). For in-
stance, neurons that express low levels of Lbx1 and (Brohmann et al., 2000). This is expected to interfere
with development of motoneurons and proprioceptivehigh levels of Lmx1b are located in an uppermost layer
(Figure 2F, green neurons). Below this, two layers can sensory neurons and their spinal projections on cervical
and lumbar levels. Here, we therefore analyzed the tho-be discerned that contain neurons that coexpress Lbx1
and Lmx1b (Figure 2F, yellow neurons) or Lbx1 and racic spinal cord in Lbx1LacZ/LacZ mutant mice.
We investigated the development of the dorsal hornBrn3a (Figure 2G, yellow neurons). Lim1/2 neurons in-
termingle in all of these layers (data not shown). Thus, in Lbx1LacZ/LacZ mice by histological analysis (Figure 3) and
in situ hybridization using a panel of cell-type specificthe majority of Lbx1 neurons appear to settle in the
upper dorsal horn, in contrast to the dorsal Lbx1 neu- probes (see also supplemental figure S3 online at http://
www.neuron.org/cgi/content/full/34/4/551/DC1). Therons that migrate to the deep dorsal horn (summarized
in Figure 2H; cf. Lee et al., 1998, 2000; Bermingham et histology of the spinal cord was highly aberrant in
Lbx1LacZ/LacZ mice at E14.5 and E18.5, and a well-definedal., 2001; Gowan et al., 2001). Some Lbx1 neurons (dI6
and a subpopulation of dI5 neurons) settle in the ventral superficial dorsal horn was not observable (Figure 3). In
addition, a reduction in the size of the dorsal spinal cordspinal cord (Figures 2A and 2E).
was apparent at E18.5 (Figures 3C and 3D). Moreover,
changes in the expression of homeodomain factors wereDefective Development of the Dorsal Horn
observed in the dorsal spinal cord (see below). Thus, thein Lbx1 Mutant Mice
development of the dorsal horn is profoundly affected inTo determine the function of Lbx1 in spinal cord devel-
Lbx1 mutant mice.opment, we examined mice that carry a targeted muta-
tion in Lbx1 (Brohmann et al., 2000). In the Lbx1LacZ allele,
LacZ is fused in-frame to Lbx1 coding sequences, re- Lbx1 Is Essential for the Development of dI5
and dILB Neuronsplacing most of the coding sequences (including the
homeobox). The temporal and spatial distribution of dI5 neurons coexpress Lbx1 and Lmx1b in normal devel-
opment (see also Figure 1), and we investigated the fateLacZ transcripts or -galactosidase protein in Lbx1/LacZ
mice was similar to that of Lbx1 transcripts or protein, of these neurons in Lbx1LacZ/LacZ mutants. In wild-type
embryos examined at E10.5, Lmx1b dI5 and Isl1/2 dI3but -galactosidase accumulated more slowly and per-
Lbx1 Specifies Neurons of the Dorsal Spinal Cord
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the number of Isl1/2 cells decreased in Lbx1 mutants
(Figure 4I). TUNEL analysis demonstrated an increased
apoptosis in the dorsal spinal cord of Lbx1LacZ/LacZ mice,
commencing at E13.5 (Figures 4J–4L). A high density of
apoptotic cells was observed in a dorso-medial position
that contained many ectopic Isl1/2 cells (Figure 4K).
Cell death might thus contribute to the reduction in the
number of Isl1/2 neurons at E13.5 and later stages. We
conclude that neurons defined by the presence of Lbx1,
Lmx1b, and Brn3a in normal development (dI5 and dILB)
change their molecular characteristics in Lbx1 mutants.
The abnormal neurons express Isl1/2 and Brn3a and
lose Lmx1b, and we denote them as dI5* and dILB* in
the figure. dI3 neurons are the only normal neuronal
type in the spinal cord that coexpress Isl1/2 and Brn3a.
Therefore, dI5* and dILB* neurons appear to assume
characteristics of dI3 neurons, a class A neuronal type
(see also Figure 8 for a summary).
We tested whether the upregulation of Isl1/2 in neu-
rons of Lbx1LacZ/LacZ mice is caused by a cell-autonomous
mechanism. In heterozygous Lbx1/LacZ mice at E10.5 or
E12.5, no neurons produced -galactosidase and Isl1/2
(Figure 4M; data not shown). In homozygous Lbx1LacZ/LacZ
mice, ectopic Isl1/2 neurons produced -galactosi-
dase at E10.5 (arrowhead in Figure 4N) and E12.5 (data
not shown). -galactosidase, however, was not main-
tained in ectopic Isl1/2 cells, and staining was lost asFigure 3. Histology of the Spinal Cord of Lbx1LacZ/LacZ Mice
the neurons matured and moved to lateral positions in(A–D) Spinal cord histology of heterozygous (A and C) and homozy-
the spinal cord. We conclude that the loss of Lbx1 af-gous (B and D) Lbx1LacZ mutant mice at E14.5 (A and B) and E18.5
fects Isl1/2 expression in dI5* and dILB* neurons by a(C and D). Note the altered appearance of the dorsal horn and the
flattening of the dorsal columns (arrowheads). cell-autonomous mechanism.
Bar: 100 m.
Lbx1 Is Essential for the Development of dI4
and dILA Neuronsneurons arise at distinct positions (indicated in Fig-
ure 4A). In Lbx1LacZ/LacZ mice, ectopic Isl1/2 neurons dI4 neurons express Lbx1 in normal development (see
Figure 1), and we analyzed their fate in Lbx1LacZ/LacZ mu-emerged at the site where in control mice, Lmx1b neu-
rons are born (marked by dI5* in Figure 4B). These ec- tants. In control embryos at E10.5, dI4 neurons produce
Lim1/2, but not Brn3a, and are distinct from the dI2topic Isl1/2 neurons were Brn3a and produced no or
negligible levels of Lmx1b protein (Figure 4B; data not neurons that coexpress Lim1/2 and Brn3a (indicated
in Figure 5A). In Lbx1LacZ/LacZ embryos, ectopic Lim1/2/shown). Lmx1b mRNA, however, was not reduced to
comparable levels at this stage (data not shown). Brn3a neurons were born at the site where dI4 neurons
emerge in control mice (Figure 5B; note the yellow stain-At E12.5, many dorsal neurons coexpress Lbx1 and
Lmx1b in control mice, and newborn Lbx1/Lmx1b ing, an overlap of the green and red colors).
In control mice at E12.5, dILA neurons arise in a broad(dILB neurons) neurons emerge from a broad progenitor
domain (Figure 4D; see also Figure 2). In Lbx1LacZ/LacZ domain and coexpress Lbx1 and Lim1/2, but not Brn3a
(Figure 5D). In Lbx1LacZ/LacZ mice, ectopic Lim1/2/Brn3amice, a dramatic increase of Isl1/2 neurons was ob-
served, and these neurons arose in a broad domain neurons emerged in this domain (Figure 5E). As these
ectopic neurons matured and moved laterally, they(Figure 4E). In contrast, Lmx1b neurons were rarely
detected in Lbx1LacZ/LacZ mice, and those that were pres- gradually lost Lim1/2, as well as Brn3a. The significant
reduction in the Lim1/2 staining intensity of lateral neu-ent stained poorly with anti-Lmx1b antibodies. Newborn
ectopic Isl1/2 neurons produced Brn3a, but not Lim1/2, rons was accompanied by a small reduction in the num-
ber of dorsal Lim1/2 neurons (Figures 5E and 5F). Atand many lost Brn3a during maturation (data not shown).
At E14.5, the number of Isl1/2 neurons was also in- E14.5, the number of Lim1/2 cells was decreased 10-
fold in the spinal cord of Lbx1LacZ/LacZ mice (Figures 5G–5I).creased, and the number of Lmx1b neurons decreased
(Figures 4G and 4H). Lim1-specific in situ hybridization signals were markedly
decreased at E12.5 or E14.5 in the dorsal spinal cordThe spatial distribution and temporal appearance of
ectopic Isl1/2 neurons in the Lbx1LacZ/LacZ mice sug- (see supplemental figure S3). Thus, downregulation of
Lim1 expression is one mechanism that appears togested that they are formed at the expense of Lmx1b
neurons. This view was supported by neuronal counts cause the reduction of the number of Lim1/2 neurons,
though increased apoptosis rates might also contribute(Figures 4C, 4F, and 4I). For instance, the sum of Isl1/2
and Lmx1b neurons in the dorsal spinal cord at E10.5 (cf. Figure 4K). Thus, in Lbx1 mutant mice, further abnor-
mal neuronal types are observed. These abnormal neu-and E12.5 was similar in control and mutant mice (Fig-
ures 4C and 4F). At subsequent developmental stages, rons, which we denote in the figure as dI4* and dILA*,
Neuron
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Figure 4. Lbx1 Is Essential for the Develop-
ment of dI5 Neurons
(A–I) The dorsal spinal cords of heterozygous
or homozygous Lbx1LacZ mice were analyzed
at E10.5 (A and B), E12.5 (D and E), and E14.5
(G and H), using antibodies against Lmx1b
(red) and Isl1/2 (green). The positions at which
Lmx1b dI5 and Isl1/2 dI3 neurons arise in
control mice at E10.5 are indicated in (A). Ec-
topic Isl1/2 neurons are indicated by dI5* in
(B). Supernumerary and ectopic Isl1/2 neu-
rons are also observed in Lbx1LacZ/LacZ mice at
E12.5 and E14.5 (E and H). Numbers of Lmx1b
and Isl1/2 neurons at E10.5 (C), E12.5 (F),
and E14.5 (I) in the dorsal spinal cord of
Lbx1/LacZ (black columns) and Lbx1LacZ/LacZ
(white columns) mice.
(J and K) Detection of apoptotic cells by TU-
NEL staining (green) and of Isl1/2 neurons
(red) in the spinal cord of Lbx1/LacZ (J) and
Lbx1LacZ/LacZ (K) mice at E14.5.
(L) Number of TUNEL-positive granules in the
dorsal horn of the spinal cord of Lbx1/LacZ
(black columns) and Lbx1LacZ/LacZ (white col-
umns) mice between E12.5 and E14.5. On tho-
racic axial levels, apoptosis rates in the ven-
tral spinal cord were not significantly different
in control and mutant mice.
(M and N) Expression of -galactosidase
(red) and Isl1/2 (green) in the spinal cord of
Lbx1/LacZ (M) and Lbx1LacZ/LacZ (N) embryos
at E10.5. -Galactosidase and Isl1/2 are co-
expressed in dI5* neurons of Lbx1LacZ/LacZ mice
(arrowhead).
Bar: 100 m.
initially coexpress Lim1/2 and Brn3a and lose these cord neurons. Chick embryos were electroporated in
ovo with an expression construct that produces mousemarkers during maturation. It should be noted that dI2
neurons, a class A subtype, are the only normal neurons Lbx1. We observed significant reduction in the number
of dorsal Isl1/2 neurons on the electroporated side ofin the spinal cord that coexpress Lim1/2 and Brn3a
(Figure 1B), and the dI4* and dILA* neurons thus assume the spinal cord in all electroporated embryos (n  9),
and no dorsal neurons coexpressed Isl1/2 and mousemolecular characteristics of dI2 neurons. We conclude
that additional abnormal neurons of the B class assume Lbx1 (arrows in Figures 6D and 6G). We conclude that
Lbx1 represses Isl1/2 and, thus, the generation of a classmolecular characteristics of class A neurons in Lbx1
mutant mice (see also Figure 8). A neuronal subtype, and that a derepression of Isl1/2 is
responsible for the emergence of ectopic Isl1/2 neu-
rons in the dorsal spinal cord of Lbx1 mutant mice.Lbx1 Antagonizes the Differentiation
of Class A Neurons We tested whether the development of dI1 neurons,
another class A subtype, is affected by misexpressedUsing homeodomain factors as markers, the dI1–dI6
neuronal subtypes defined in mice were also distin- Lbx1. The homeobox factors Lh2a/b exclusively mark
dI1 neurons. In the spinal cord of chick embryos electro-guishable in the developing dorsal spinal cord of the
chick (Figures 6A–6C). We tested whether misexpres- porated with the Lbx1 expression construct, we ob-
served a significant downregulation of dorsal Lh2a/bsion of Lbx1 interferes with development of dorsal spinal
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sizing enzyme and is expressed in the entire developing
spinal cord of control mice (Somogyi et al., 1995). GAD67
expression was strongly reduced in the dorsal, but not
ventral, spinal cord of Lbx1LacZ/LacZ mice at E12.5 and
later stages (see supplemental figure S3). Neurons that
produce -galactosidase were, however, present in
Lbx1LacZ/LacZ mice, albeit at a reduced number, and their
position was shifted to more superficial locations in the
remnant dorsal horn (Figures 7A and 7B). Thus, the
changed differentiation program of dorsal horn neurons
in Lbx1 mutant mice is reflected in an abnormal produc-
tion of neurotransmitters.
We also examined the projections of sensory axons
to the different dorsal horn laminae and to motoneurons,
which are well defined at E18.5 (Ozaki and Snider, 1997).
Proprioceptive fibers that extend toward motoneurons
and interneurons in the deep dorsal horn were readily
observable in Lbx1LacZ/LacZ mice (Figure 7D, arrowheads).
However, Peripherin and TrkA fibers that project to
upper layers of the dorsal horn remained superficial and
appeared to barely penetrate into the spinal gray matter
(arrows in Figures 7C–7F). The aberrant terminal differ-
entiation program of dorsal horn neurons in Lbx1 mu-
tants also affects the afferent innervation of the dorsal
spinal cord.
We examined the functional organization of sensory/
motor reflex circuits in Lbx1 mutants by electrophysiol-
ogy. These experiments were carried out using hemi-Figure 5. Lbx1 Is Essential for the Development of dI4 Neurons
sected spinal cords of wild-type and Lbx1LacZ/LacZ miceImmunohistological analysis of the dorsal spinal cord with antibod-
at E20. Upon electrical stimulation of sensory axons inies against Lim1/2 (red) and Brn3a (green). Heterozygous or homozy-
the dorsal root, a direct current (DC) potential that re-gous Lbx1LacZ mice were analyzed at E10.5 (A and B), E12.5 (D and
E), and E14.5 (G and H). Indicated in (A) are the positions at which flects the integrated motoneuron output was measured
Lim1/2 dI4 and Lim1/2/Brn3a dI2 neurons arise in control mice from the ventral root (Jahr and Yoshioka, 1986; Heppen-
at E10.5. In (B), ectopic Lim1/2/Brn3a neurons are indicated by stall and Lewin, 2001). In wild-type mice, a fast potential
dI4*. Supernumerary and ectopic Lim1/2/Brn3a neurons are also of large amplitude was followed by a longer-lasting po-
observed in Lbx1LacZ/LacZ mice at E12.5 (E), but not at E14.5 (H).
tential (Figure 7G, red trace in upper panel). This reflectsNumbers of Lim1/2 neurons at E10.5 (C), E12.5 (F), and E14.5 (I) in
the direct activation of motoneurons by large diameterthe dorsal spinal cord of Lbx1/LacZ (black columns) and Lbx1LacZ/LacZ
sensory fibers and the indirect activation by small diam-(white columns) mice.
Bar: 100 m. eter fibers, which are mediated via activation of in-
terneurons in the dorsal horn (Heppenstall and Lewin,
2001). In wild-type mice, the long-lasting potential can
expression on the electroporated side (arrows in Figures be reversibly inhibited by application of the NMDA an-
6E and 6H), which was detected in all analyzed embryos tagonist DL-2-amino-5-phosphovaleric acid (APV), which
(n  9). Lbx1 thus antagonizes the development of a attenuates the activation of dorsal horn interneurons by
second class A subtype. Lim1/2-staining was not sup- sensory fibers (Figure 7G, blue trace in upper panel; cf.
pressed but expanded dorsally (Figures 6F and 6I) in all Heppenstall and Lewin, 2001). We were able to record
analyzed embryos (n  9). We also detected cLmx1 a ventral root potential from Lbx1LacZ/LacZ mice (Figure 7G,
neurons at ectopic dorsal positions in all electroporated red trace in lower panel), although the amplitudes of the
embryos (n 9; data not shown). Thus, after misexpres- fast and slow potentials were smaller than in wild-type
sion of Lbx1, class B neurons were generated at ectopic animals. However, application of the NMDA antagonist
positions, whereas class A neurons emerged at reduced APV had no effect on the amplitude of the ventral root
numbers. potential in Lbx1LacZ/LacZ mice (Figure 7G, blue trace in
lower panel). The integral of the ventral root potential in
Aberrant Ingrowth of Cutaneous Sensory Fibers the mutants was identical to that of wild-type animals
into the Spinal Cord and Functional Deficits during NMDA receptor blockade (Figure 7H). Thus, the
in Lbx1 Mutant Mice motoneuron output mediated by the excitation of dorsal
We analyzed the consequence of the Lbx1 mutation horn interneurons through cutaneous sensory fibers is
on terminal differentiation and function of dorsal horn lacking in Lbx1 mutant mice. A blockade of all excitatory
neurons. At E18.5, terminal differentiation markers like amino acid-mediated neurotransmission with the AMPA re-
GABA (Figure 7A), Neuropeptide Y, and CCK are present ceptor antagonist 6-cyano-7-nitroquinoxaline-2,3-dione
in neurons that occupy distinct laminae in the dorsal (CNQX) completely abolished the ventral root potential
horn (Laing et al., 1994). Levels of these neurotransmit- in both wild-type and Lbx1LacZ/LacZ animals (Figure 7G,
ters were strongly reduced in Lbx1LacZ/LacZ mice (Figure green traces). We conclude, therefore, that the compo-
nent of sensory/motor reflexes mediated by the excita-7B; data not shown). GAD67 encodes a GABA-synthe-
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Figure 6. Misexpression of Lbx1 Suppresses
the Appearance of dI3 and dI1 Neurons in the
Dorsal Spinal Cord of Chick Embryos
(A–C) The dorsal neuron subtypes dI1–dI6
can also be defined in the chick spinal cord
by immunohistological analyses using anti-
bodies directed against Lbx1 (red), Lmx1
(green), and Isl1/2 (blue) (A), Lbx1 (red), Lim1/2
(green), and Isl1/2 (blue) (B), Lh2a/b (red),
Lim1/2 (green), and Isl1/2 (blue) (C).
(D–I) The effect of the ectopic expression of
mouse Lbx1 on the development of neurons
in the chick spinal cord. The effect on the
expression of Isl1/2 (D and G), Lh2a/b (E and
H), and Lim1/2 (F and I), and the expression
of endogenous and ectopic Lbx1 in the elec-
troporated samples (G–I) were analyzed. dI1–
dI6 neuron subtypes are indicated. Arrows
point toward dorsal Isl1/2 cells in (D) and
(G), dorsal Lh2a/b neurons in (E) and (H), and
ectopic dorsal Lim1/2 cells in (F) and (I).
Bar: 100 m.
tion of dorsal horn interneurons through small diameter (dILA and dILB) that both settle in the upper laminae of
the dorsal horn and also attain molecular characteristicssensory fibers (which mainly correspond to nociceptors)
is lacking in Lbx1LacZ/LacZ mice. In contrast, direct sensory- of class A neurons in Lbx1 mutants. Using an indepen-
dent set of markers to identify neuronal subpopulations,motoneuron connections are intact.
the accompanying paper by Gross et al. (2002) in this
issue of Neuron describe similar changes in neuronalDiscussion
identities in Lbx1 mutant mice. The abnormal differentia-
tion of the dorsal horn neurons in Lbx1 mutants is ac-Here, we show that the homeodomain factor Lbx1 distin-
guishes two major classes of neurons that emerge in companied by changes in the histology and circuitry of
the spinal cord. Together, our results show that Lbx1the dorsal spinal cord at E10.5 (see diagram in Figure
8). Class A neurons consist of three neuronal subtypes specifies the differentiation of one major set of neuronal
subtypes in the dorsal horn.that do not express Lbx1 (dI1–dI3). Class A neurons are
specified by dorsal signals and emerge in the dorsal
portion of the dorsal spinal cord. Class B neurons in-
clude three neuronal subtypes that express Lbx1 (dI4– Specification of Lbx1 Neurons
in the Dorsal Spinal CorddI6), and these neurons emerge independently of dorsal
signals in the ventral portion of the dorsal spinal cord. During the development of the spinal cord, dorsal and
ventral midline signals specify distinct neuronal progeni-Our analysis demonstrates that many aspects of the
differentiation of class B neurons depend on Lbx1. In tor domains along the dorso-ventral axis. These do-
mains give rise to specific neuronal subtypes (Jessell,Lbx1 mutant mice, class B neurons assume aberrant
molecular characteristics and express homeodomain 2000; Briscoe and Ericson, 2001; Lee and Pfaff, 2001).
We found that Lbx1neurons can emerge in the absencefactors typical of class A neurons (summarized in Figure
8). We also show that misexpression of Lbx1 suppresses of dorsal and ventral midline signals, and the presence
of these signals appears to confine the early Lbx1 neu-the generation of class A neurons. At later stages of
development, the majority of neurons born in the dorsal rons to a ventral domain in the dorsal spinal cord (shown
schematically in Figure 8). As Lbx1 neurons do notspinal cord express Lbx1 and thus possess class B
character. We defined two late Lbx1 neuronal subtypes require dorsal and ventral signals for specification, they
Lbx1 Specifies Neurons of the Dorsal Spinal Cord
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Figure 8. Lbx1 and the Specification of Neurons in the Dorsal Spinal
Cord
Schematic diagram of dorsal spinal cord neurons and of the function
of Lbx1 in their development. BMP and Shh, secreted factors that
pattern the dorsal (D) and ventral (V) progenitor domains, are indi-
cated at the left. The class A (green) and B (red) neuronal subtypes
generated in the dorsal spinal cord are indicated. The positions
along the dorso-ventral axis at which these neurons arise are shown,
as well as the homeodomain factor code they express in wild-type
mice. Lbx1 suppresses the emergence of class A neurons and speci-
fies the development of class B neurons (indicated). In Lbx1LacZ/LacZ
mice, class B neurons assume abnormal molecular characteristics
(dI4* and dI5* neurons) and express the indicated homeodomain
factor combinations typical of class A neurons (shown on the right).
might correspond to a default type of neuron generated
in the spinal cord.
Transcription factors expressed in stripes along the
dorso-ventral axis define distinct neuronal progenitor
domains and are generally downregulated as the cells
leave the cell cycle and differentiate. However, they in-
struct postmitotic neurons to activate the expression
of distinct homeodomain factors (Briscoe and Ericson,
1999). Lbx1 provides an example of a postmitotic neu-
ronal factor and is expressed in three subtypes of class
B neurons (dI4–dI6). By analogy to the ventral spinal
cord, progenitors that generate the three types of early
Lbx1 neurons might be patterned. As yet, available
markers define only two domains (compare with dia-
gram in Figure 1B): the dI6 progenitor domain (Pax7/
Figure 7. Aberrant Projections of Sensory Afferent Fibers and Func- Dbx2/Mash1) and a domain that gives rise to the early
tional Deficits in Lbx1LacZ/LacZ Mice dI5 and dI4 neuronal subtypes (Pax7/Dbx2/Mash1).
(A and B) Distribution of -galactosidase-positive cells (red) and All early Lbx1 neurons appear to derive from the
GABA-positive cells (green) in the dorsal spinal cord of Lbx1/LacZ Pax7high progenitor domain. Pax7 expression in the spi-
(A) and Lbx1LacZ/LacZ (B) mice at E18.5. nal cord is induced by BMPs and suppressed by Shh (Liem
(C–F) Sensory afferent fibers (green) that project to the dorsal spinal
et al., 1997), and Pax7 marks progenitor cells locatedcord of Lbx1/LacZ (C and E) and Lbx1LacZ/LacZ (D and F) mice at E18.5
dorsally. However, in the dorsal third of the dorsal spinalwere visualized by staining with antibodies directed against periph-
cord, Pax7 expression is downregulated in a gradederin (C and D) or TrkA (E and F). Arrowheads in (C) and (D) point
toward fibers that extend deep into the dorsal horn; arrows in (C)–(F) manner, and this downregulation is not observed in
point toward sensory fiber projections to the upper layers of the GDF7-DTA mice (Lee et al., 2000). Thus, the dorsal mid-
dorsal horn. line might produce or induce signals that can downregu-
(G) Electrophysiological examination of spinal cord reflexes of
late Pax7. Pax3, a close relative of Pax7, is expressedLbx1LacZ/LacZ mice. Shown are representative control traces (red) of
in the entire dorsal spinal cord. An analysis of Pax3/the ventral root potential evoked by electrical stimulation of dorsal
Pax7 compound mutant mice provides evidence for aroot fibers in control mice (wild-type or Lbx1/LacZ) and Lbx1LacZ/LacZ
spinal cord. Traces of the ventral root potential in the presence of
the APV (blue) and CNQX (green) in control and Lbx1LacZ/LacZ animals
are also displayed.
(70% reduction), and it is not further reduced in the presence(H) Quantification of the results demonstrate that the integral of the
measured ventral root potential (n  4 per genotype) is smaller in of APV.
Bar: 100 m.Lbx1LacZ/LacZ mutant mice (squares) than in wild-type (circles) animals
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patterning function of these Pax genes in dorsal progeni- tants are unusual, and the aberrant neurons do not as-
sume the fates of their immediate neighbors. Rather,tors (Mansouri and Gruss, 1998). The Pax7low/Mash1
domain produces Lbx1 neurons late, but not early. It dI4 neurons assume a character of dI2 neurons, but
not of the neighboring dI3 type. Similarly, dI5 neuronsis interesting to note that the two late Lbx1 neuron
types (dILA and dILB), which appear to emerge in a salt- assume a character of dI3, but not of the neighboring
dI4 neurons.and-pepper pattern, are first observed laterally of the
Pax7low/Mash1 progenitor domain. The changes that Our data show that Lbx1 also antagonizes the pro-
gram of two class A neuronal subtypes. Antagonisticoccur in these progenitor domains during development
remain to be addressed. functions of postmitotically expressed homeodomain
factors have previously been observed during develop-We have detected an early and late population of
Lbx1 neurons that coexpress Lmx1b (dI5 and dILB, ment of ventral neuronal types; the motoneuron factor
HB9 represses differentiation of V2 interneurons (Ta-respectively). Only a small domain of dorsal progenitors
produce dI5 neurons at E10.5. At later developmental nabe et al., 1998), and Evx1, which marks V0 neurons,
represses the V1 differentiation program (Moran-Rivardstages, more dorsally located progenitors also produce
Lbx1/Lmx1b (dILB) neurons (see also supplemental et al., 2001). Repressive functions of postmitotically ex-
pressed homeodomain factors appear thus to representfigure S1 for a time course of the appearance of dI5 and
dILB neurons). The panel of homeodomain factors used a broadly used strategy for cell-fate specification in the
spinal cord (cf. also Muhr et al., 2001).here did not distinguish dI5 from dILB neurons, and in
Lbx1 mutant mice, both populations express a homeo- In Lbx1 mutant mice, many aspects of the class B
differentiation program are altered. For instance, pro-domain factor combination that marks dI3 neurons.
However, the dI5 and dILB populations mature into dis- duction of Lmx1b protein is not initiated correctly, the
expression of Lim1 or Drg11 is correctly induced (but nottinct neuron types, which settle in the ventral and dorsal
spinal cord, respectively. Similarly, the panel of homeo- maintained), and Isl1 is upregulated. The accompanying
paper by Gross et al. (2002) in this issue of Neurondomain factors used here did not distinguish the early
dI4 and the late dILA neurons, and in Lbx1 mutants, both describes further changes, the loss of Pax2, and the
upregulation of Foxd3. Lbx1 can thus be considered aneuronal subtypes express homeodomain factors that
mark dI2 neurons. Despite their apparent similarities, key factor for determining the differentiation program
of dorsal horn neurons. Other postmitotic factors havedI4 and dILA neurons may mature into distinct neuronal
types. been characterized, which control neuronal differentia-
tion in the ventral spinal cord (Lee and Pfaff, 2001). ForThe two late types of Lbx1 neurons that we define
here (dILA and dILB) emerge from a broad precursor instance, in Evx1 mutant mice, V0 neurons express the
homeodomain factor combination characteristic of V1domain, apparently in a salt-and-pepper pattern. Both
dILA and dILB neurons can be observed immediately neurons and assume a V1-like projection pattern
(Moran-Rivard et al., 2001). Mutation of En1 does notadjacent to progenitors, indicating that dILA and dILB
neurons can arise from a single domain, rather than have such a dramatic effect on V1 neurons, but affects
fasciculation and pathfinding during a second phase ofmixing during maturation. The mechanism that specifies
these two late Lbx1 neuronal subtypes may not use axon growth (Saueressig et al., 1999). Similarly, moto-
neurons die in Isl1 mutant mice, whereas in HB9 mutantthe establishment of stripes of distinct progenitors along
the dorso-ventral axis. It is noteworthy that Mash1 and mice, motoneurons are correctly specified but tran-
siently express additional genes found normally in V2Mash1progenitors mingle in the domain that gives rise
to the two late Lbx1 neuronal subtypes. This progenitor neurons (Pfaff et al., 1996; Arber et al., 1999; Thaler et
al., 1999). Thus, in the most extreme cases, postmitoticheterogeneity might participate in specification of the
two late Lbx1 neuronal subtypes that arise dorsally. factors (such as Lbx1) specify many aspects of the termi-
nal differentiation program, whereas others determine
only particular properties.Lbx1 and the Differentiation Program
of Spinal Cord Neurons
Here, we demonstrate that Lbx1 is essential in defining Functional Deficits and Aberrant Sensory
Projections in Lbx1 Mutant Micethe program of differentiation of dorsal neurons. Lbx1
marks class B neurons, and in the absence of Lbx1, In Lbx1 mutant mice, dorsal class B neurons change
the homeodomain factor profile they express, which re-these neurons express homeodomain factors character-
istic of class A neurons (Figure 8). Fate switches have sults in a highly abnormal terminal differentiation of dor-
sal horn neurons. For instance, GAD67, a key enzymepreviously been observed in spinal cord neurons of mice
that carry mutations in HB9 or Evx1, which encode post- in GABA synthesis, is extinguished in the dorsal spinal
cord of Lbx1 mutant mice at an early stage, and themitotic homeodomain factors expressed in ventral spi-
nal cord neurons. In HB9 mutant mice, the aberrant number of GABAergic neurons present in the dorsal horn
is significantly decreased at E18. Similarly, expressionmotoneurons assume a molecular character of V2 in-
terneurons that in normal development arise from the of molecules that direct growing axons (netrin-1, ephrin-
5A) was markedly downregulated dorsally (data notclosest neighboring progenitor domain (Arber et al.,
1999; Thaler et al., 1999). Loss of Evx1 is accompanied shown). The aberrant terminal differentiation program
of dorsal neurons can therefore also affect neuronalby a switch from a V0 to a V1 identity (Moran-Rivard et
al., 2001). Again, these two interneuron populations arise circuitry in the spinal cord of Lbx1 mutants. In support
of this, the projections of cutaneous sensory neurons tofrom neighboring progenitors in normal development.
The characters of the switches observed in Lbx1 mu- the dorsal horn remain superficial and do not penetrate
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isolation of the embryos. Incorporated BrdU was detected with anti-appropriately into the spinal gray matter. Thus, cues
BrdU mAb (Sigma). TUNEL assays were performed using the Apop-that direct cutaneous afferent fibers into the spinal cord
Tag fluorescein in situ apoptosis detection kit (Intergen).are disrupted in Lbx1 mutant mice. That such cues are
provided by upper dorsal horn neurons was previously
Electrophysiologysuggested by the analysis of DRG11 mutant mice, which
An in vitro hemisected spinal cord preparation was used to record
display abnormalities in the dorsal horn projections of spinal cord reflexes essentially as described in Heppenstall and
cutaneous sensory fibers. This defect was attributed to Lewin (2001). Spinal cords of wild-type, Lbx1LacZ/, and Lbx1LacZ/LacZ
mice were removed from E20 mice that were dissected from femalesa lack of appropriate cues given by dorsal spinal cord
treated with progesterone to delay parturition. DC recordings wereneurons, rather than to a cell-autonomous defect of sen-
made after a 2 hr recovery period with a close-fitting glass suctionsory neurons that also express DRG11 (Chen et al.,
electrode attached to the ventral root (T10-T12). The dorsal root2001). The disturbed neuronal circuitry of Lbx1 mutants
was stimulated via a glass suction electrode at a current sufficient
also became apparent when spinal sensory/motor re- to activate C fibers (500 A, 500 s). Traces were acquired with
flexes were analyzed by electrophysiology. Therefore, the Powerlab 4.0 system using Superscope software. Ventral root
potential was also recorded in wild-type and Lbx1LacZ/mice at post-the lack of Lbx1 has severe physiological consequences
natal day (P)3–P6, and no significant differences were observed.on the processing of cutaneous sensory information. A
functional assessment of the transcription factors that
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sification and function of dorsal horn neurons.
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